Background: The cystine/glutamate antiporter (xc-) has been implicated in several neurological disorders and, specifically, in multiple sclerosis (MS) as a mediator of glutamate excitotoxicity and proinflammatory immune responses. We aimed to evaluate an xc-specific positron emission tomography (PET) radiotracer, (4S)-4-(3-[
Background
The key pathological hallmarks of multiple sclerosis (MS) include demyelination, oligodendrocyte cell death, microglial activation, peripheral immune cell infiltration, and axonal degeneration in the central nervous system (CNS) [1] . Over the past two decades, an increasing amount of data has emerged suggesting that oxidative stress also plays a key role in the pathogenesis of MS [2] . It is known that upregulation of cystine/glutamate antiporter (xc-) is an oxidative stress response by cells in an attempt to increase availability of the glutathione biosynthesis precursor cystine for improved reactive oxygen species (ROS) detoxification [3] . Under certain pathological conditions accompanied by dysregulation of glutamate homeostasis, increased cystine influx through xc-leads to elevated extracellular levels of the neurotransmitter glutamate [4] . Glutamate excitotoxicity is known to contribute to oligodendrocyte and tissue damage in MS by over-activating glutamate receptors [5] . In 2011, Pampliega and colleagues reported that the light chain of the heterodimeric xc-transmembrane protein (known as xCT) responsible for its transporter activity is upregulated in the spinal cord of mice and rats with experimental autoimmune encephalomyelitis (EAE), the most widely characterized rodent model of MS, as well as human MS postmortem tissue [6] . A recent study by Merckx and colleagues suggests that it is the peripheral immune cells expressing xc-, known to infiltrate the CNS in MS, rather than the resident immune cells that directly contribute to glutamate release and excitotoxicity [7] .
Recently, Martin and colleagues described the use of a previously reported 18 F-labeled small molecule xcsubstrate-known as (4S)-4-(3-[
18 F]fluoropropyl)-L-glutamate ([ 18 F]FSPG)-for imaging xc-activity in EAE rats using PET [8] . While these studies highlighted the promise of [ 18 F]FSPG-PET imaging as a non-invasive biomarker of MS disease status and for therapy monitoring, the authors did not investigate the relationship between the observed increased PET signal in EAE rats and levels of target expression. Here, we propose to expand upon our previous work with [ 18 F]FSPG in MS rodent models [9] by conducting the first investigation of correlation between [ 18 F]FSPG-PET signal and levels of xCT in EAE, alongside human immune cell uptake studies, with the aim of improving understanding of the molecular and cellular significance of [ 18 F]FSPG signal in EAE and MS. Since the Lewis rat model of EAE does not undergo demyelination [10] (a hallmark feature of human MS), we conducted [ 18 F]FSPG-PET imaging in an EAE mouse model that does undergo demyelination, with the aim of obtaining clinically relevant and translatable information concerning this tracer's potential use in MS.
The primary goal of the present studies was therefore to evaluate [ 18 F]FSPG for its ability to detect alterations in xc-antiporter activity in EAE mice at different stages of disease via PET imaging and to correlate PET findings with xCT protein levels in affected CNS tissues.
Methods

Study design
Since there were no prior reports of [ 18 18 F]FDG were fasted 5-6 h prior to radiotracer administration and were all given an equal volume of saline i.p. to prevent dehydration. PET imaging of anesthetized mice (1-2% isoflurane) was performed using a microPET/CT hybrid scanner (Inveon, Siemens). All PET images were reconstructed using 2 iterations of three-dimensional ordered subset expectation maximization algorithm (12 subsets) and 18 iterations of the accelerated version of 3D-MAP (i.e., FASTMAP), with a matrix size of 128 × 128 × 159. Attenuation correction was applied to datasets from CT image acquired just prior to each PET scan. No partial volume corrections were performed. Dynamic PET scans were acquired in list mode format over 90 min, starting just prior to radiotracer injection. The resulting data was sorted into 0.5-mm sinogram bins and 19 time frames for image reconstruction (4 × 15 s, 4 × 60 s, 11 × 300 s). For subsequent studies, static PET scans (10 min) were acquired at~70 min after injection of the radiotracer.
Image files were co-registered and analyzed with VivoQuant (version 2.0, inviCRO) (Additional file 1: Figure S1a -c). For VivoQuant analyses, the spine from each mouse was isolated by use of the Otsu thresholding technique and the obtained region of interest (ROI) made immutable. An ROI of the spinal cord was then drawn using the segmented spine as a guide. Corresponding PET data were collected for the whole spinal cord ROI, which was drawn from the caudal end of the skull to the pelvis. For analysis of regional variations in PET signal, the spinal cord was divided, using L1-L5 as landmarks, into two cervical/thoracic and lumbar ROIs, for which separate data were collected. For analysis of the brain, a three-dimensional mouse brain atlas was fitted to the PET/CT images and radioactivity concentrations were obtained using ROIs for the major brain regions (Additional file 1: Figure S1d) . From this data, the percentage of injected dose per gram (%ID/g) was calculated for the spinal cord and atlas-based brain regions.
Tissue collection for ex vivo biodistribution, autoradiography, and Western assays While still under anesthesia, blood samples (200-400 μL) were collected via cardiac puncture immediately prior to perfusing mice with PBS. After mice had been euthanized, tissues of interest were quickly removed at 110 min postinjection of tracer.
For ex vivo biodistribution assays, tissues were placed in tubes for gamma counting and weighed. Tissueassociated radioactivity was assessed via an automated gamma counter (Cobra II Auto-Gamma counter; Packard Biosciences Co.) and decay-corrected to time of tracer injection using diluted aliquots of the initial administered dose as standards.
A subset of the spinal cords and brains were analyzed via ex vivo digital autoradiography (n = 1 for EAE, score 3.0-3.5 and n = 1 for naïve mice per tracer). Following perfusion, the brain was removed and embedded in optimal cutting temperature (O.C.T.) compound (TissueTek, Sakura, USA). Subsequently, 20-μm-thick sagittal brain sections were cut using a cryostat microtome HM500 (Microm, Germany). The sections were mounted on microscope slides (Fisherbrand Superfrost™ Plus Microscope Slides), air-dried for 10 min, and then exposed to 18 F-sensitive storage phosphor screens (Perkin Elmer, USA) for 12 h at 4°C. The image plates were analyzed using a Typhoon 9410 Variable Mode Imager (Amersham Biosciences, USA), and images were visualized and processed by ImageJ (image processing and analysis software in java, version 1.45s). Anatomy of brain sections was confirmed by staining the exact same sections with Nissl (cresyl violet acetate, Sigma Aldrich). Briefly, dehydrated mounted sections were cleared in xylene for 15 min, rehydrated, immersed in 0.5% cresyl violet acetate (Sigma Aldrich) solution for 10 min, rinsed, dehydrated, and coverslipped. Whole spinal cords were also analyzed via autoradiography using same storage phosphor screens and Typhoon imager.
For Western blotting, the spinal cords were cut into thoracic/cervical and lumbar segments and the right hemisphere of the brain was collected. Tissue samples were immediately frozen in liquid nitrogen and stored at − 80°C.
Western blotting
Tissue samples were homogenized using a total protein extraction kit (BioChain) following the manufacturer's instructions. Protein concentration in lysates was determined by bicinchoninic acid (BCA) protein assay (Pierce). Rabbit anti-xCT antibody (1:2000 dilution, Novus NB300-318) was used according to a standard western blotting protocol. After enhanced chemiluminescence (ECL) exposure, blots were washed and reprobed with rabbit anti-actin antibody (Cell Signaling Technology 4967S; 1:5000) as a loading control. To verify efficient extraction of xCT from the membrane during tissue lysis, an anti-Na,K-ATPase antibody (Cell Signaling Technology 3010S; 1:5000) was used as an additional control for western blotting [16] . Blots were scanned and signal was quantified using ImageJ (National Institutes of Health).
Isolation and activation of primary human immune cells
Peripheral mononuclear blood cells (PMBCs) were isolated from the whole blood of healthy donors (Stanford Blood Center) via density gradient method (Ficoll Paque PLUS, GE Healthcare). T cells or monocytes were isolated from the PMBC fraction by negative selection (Naïve Pan T Cell Isolation Kit/Monocyte Isolation Kit II, Miltenyi Biotech). Purity of obtained fractions was assessed by staining with CD3-VioBLue and CD14-FITC antibodies (Miltenyi Biotech) for T cells and monocytes respectively. The number of stained cells was then counted as a percentage of total cell number using a fluorescence microscope (EVOS FL Cell Imaging System, Life Technologies).
T cells were maintained in TexMACS medium (Miltenyi Biotech) and an aliquot was activated for 48 h prior to the radiotracer uptake assay using a T Cell Activation/Expansion Kit human (Miltenyi Biotech) according to manufacturer's instructions. Monocytes were maintained in RPMI medium containing 10% heatinactivated FBS and 1% penicillin-streptomycin (all from Life Technologies), and an aliquot was also activated for 48 h prior to the uptake assay with lipopolysaccharide (LPS; 100 ng/mL, Escherichia coli O11:B4, Sigma Aldrich). Activation was confirmed by assessing changes in morphology of activated versus resting cells.
Cell uptake studies using primary human immune cells Cells were counted, washed with Hank's Balanced Salt solution (HBSS) and re-suspended at 5-10 × 10 6 cells/mL in HBSS. Five hundred microliters of aliquots of cell suspensions were allowed to recover for 15 min at 37°C and 5% CO 2 . Five hundred microliters of pre-warmed [ 18 F]FSPG solution (1.5 MBq/mL in HBSS) was then added to each tube. After incubation for 60 min at 37°C and 5% CO 2 , an aliquot of each cell suspension was layered over 200 μL of a 3:1 mixture of silicon oil and mineral oil in a dolphin tube on ice as previously described [17] . Tubes were spun for 3 min at 10,000g, and after freezing in liquid nitrogen, the tips containing the cell pellets were cut into gamma counter tubes. Cell-associated radioactivity was assessed using a gamma counter (Cobra II Auto-Gamma counter; Packard Biosciences Co.) and normalized to both the total activity added and cell number.
Statistical analysis
Statistical analyses were performed using GraphPad (version 6). Data are expressed as mean ± standard deviation, unless otherwise indicated. Two-tailed MannWhitney U tests were used for group comparisons and a p value < 0.05 was considered significant. Two-tailed Wilcoxon matched-pairs signed rank tests were used to analyze repeated measurements in the longitudinal PET study. A Bonferroni-adjusted p value of < 0.017 was considered significant when performing multiple comparisons. Correlation analyses were performed using linear regression with goodness of fit designated by R 2 value, 95% confidence levels. Results from ex vivo biodistribution studies demonstrated a significant elevation in [
Results
18 F]FSPG uptake in most EAE tissues compared to that in naïve mice (Fig. 1) . The greatest difference in [
18 F]FSPG tissue uptake was seen in the spinal cord, with 1.07 ± 0.70 %ID/g in EAE (n = 9, score 2.6 ± 0.9) and 0.05 ± 0.01 %ID/g in naïve mice (n = 7), p = 0.0007. [ 18 F]FSPG uptake was significantly higher in the kidney and brain of EAE compared to naïve mice (kidney: 67.8 ± 40.2 %ID/g vs. 6.7 ± 3.9 %ID/g, p = 0.0002; brain: 0.36 ± 0.11 %ID/g vs. 0.18 ± 0.07 %ID/g, p = 0.0059). In contrast, there was no significant difference in [ 18 F]FDG uptake in most EAE tissues compared to naïve mice (Fig. 1) . The only significant difference in [ 18 F]FDG uptake was observed in the brain whereby there was a lower accumulation in EAE mice (5.9 ± 0.2 %ID/g) compared to the brains of naïve mice (7.6 ± 0.7 %ID/g, p = 0.0079).
Ex vivo autoradiography images corroborated PET and biodistribution findings, illustrating elevated [
18 F]FSPG uptake in the spinal cords of EAE versus naïve mice (Additional file 3: Figure S3A ), and a moderate increase in [
18 F]FDG uptake in distinct foci of EAE mice (Additional file 3: Figure S3B ). Qualitative autoradiography of selected brains revealed visually higher [ 18 F]FSPG uptake in the cerebellum, hippocampus (especially in the dentate gyrus), midbrain reticular nucleus, optic chiasm, posterior complex of the thalamus, and sensory-related substructures of the medulla of EAE compared to naïve mice. 18 F]FSPG clearance might be affected in EAE mice. To address this, we generated an additional group of control mice with an identical immunization procedure to EAE mice but without administration of MOG peptide antigen. Additionally, we anesthetized mice just prior to PET imaging to allow additional time for clearance of the radiotracer.
For longitudinal studies, mice underwent an initial static PET/CT scan (~70 min post-injection of [ 18 F]FSPG) at the pre-symptomatic stage of disease on day 6 or 7 following immunization (Fig. 2a shows disease time course and PET imaging time points). Subsequent PET/CT imaging and biodistribution was performed between days 14 and 18 post-immunization for control and EAE mice after the latter reached a clinical score of 1.0-3.5.
Longitudinal studies revealed a significant increase in PET image analysis of brain regions revealed significantly elevated uptake in the cerebellum, hippocampus, medulla, and midbrain of symptomatic EAE versus control mice-with the most marked fold-changes in the (Table 1) . Interestingly, there was a region of radiotracer uptake present in the PET images of EAE mice, which appeared to be just outside the brain (dotted lines in Fig. 2c , see Additional file 4: Figure S4 for coronal brain slices) and became more intense when mice became symptomatic.
Elevated [ 18 F]FSPG-PET signal in EAE CNS tissues compared to control mice was further confirmed by ex vivo gamma counting of tissues from the same mice (Additional file 5: Fig. S5 ). Spinal cord [
18 F]FSPG uptake was 0.69 ± 0.35 %ID/g (n = 9) in EAE compared to 0.04 ± 0.01 %ID/g in control mice (n = 8, p < 0.0001), with a similar fold-difference (16.2 ± 3.2) to what we previously observed in pilot studies using naïve mice. Brain uptake was also significantly higher in EAE mice compared to controls (0.15 ± 0.05 %ID/g vs. 0.07 ± 0.03 %ID/g, 2.2 ± 0.4-fold, p = 0.0012). Other significant differences in [ 18 F]FSPG uptake were observed in the blood (EAE: 0.37 ± 0.15 %ID/g vs. control: 0.20 ± 0.02 %ID/g, p = 0.0044) and kidneys (EAE: 6.7 ± 2.4 %ID/g vs. control: 3.8 ± 1.2 %ID/g, p = 0.0155). 
Discussion
Cystine/glutamate antiporter, xc-, has been implicated in several neurological disorders and, specifically, in MS as a mediator of glutamate excitotoxicity and immune regulation [4] . Recent studies demonstrated that the a b c d xCT subunit of system xc-(responsible for the activity of this antiporter) is upregulated in postmortem CNS tissues from both MS patients and MS rodent models [6] and that it might be a promising PET imaging biomarker of disease progression in EAE rats [8] .
Here, we show that [
18 F]FSPG-PET enables the sensitive detection of alterations in xCT protein levels/ xc-activity in EAE mice at different stages of disease in vivo. Most notably, [ 18 F]FSPG-PET showed potential for the early detection of MS due to its increased uptake in Table 1 Uptake values (%ID/g) for different brain regions in pre-symptomatic and symptomatic mice and fold differences with respect to the same quantitation in control mice [18] , Martin et al. [8] , and Buck et al. [11] . As in our study, the latter found no statistical significance between groups. [15] . It is possible that alterations in xc-activity are more striking than alterations in glucose metabolism in rodent EAE.
Both PET and autoradiography images indicated higher accumulation of [ 18 F]FSPG in the cerebellum, hippocampus, medulla, and midbrain of EAE mice, all regions where demyelinating lesions and tissue damage can occur in MS patients [20] and EAE mice [21] . These findings correspond well with what is known about the spatial distribution of infiltrating immune cells, known to overexpress xCT, in the CNS of EAE rodents. For example, Brown and colleagues reported marked infiltration of CD3-positive T cells and also the presence of activated microglia in the sensory-related substructures of the medulla and cerebellar peduncles of EAE mice [21] . We additionally observed a region with tracer uptake of variable intensity just outside the brain. This signal could possibly be associated with [ 18 F]FSPG signal in CD3-positive T cells (or other infiltrating immune cells) in the meninges/subarachnoid space [22] or a meningeal lymphatic vessel [23] -all of which have been shown to be sites where T cells can reside as they mobilize and cross the BBB.
We observed significantly higher [ 18 F]FSPG levels in the blood and kidneys of EAE mice compared to naïve mice. The higher kidney uptake is likely due to impaired renal function in EAE mice, a co-morbidity with low prevalence in MS patients [24] , leading to inferior excretion ability [25] . The increased level of [ 18 F]FSPG in the blood is most likely due to increased circulating activated monocytes in EAE mice, which are known to have elevated xCT protein levels [6] . It is important to note that the measured difference in [
18 F]FSPG uptake levels in CNS tissues of EAE versus naïve/control mice became even more pronounced after removal of the blood via perfusion (as seen in ex vivo biodistribution data) compared to that in in vivo PET data. Hence, it appears that the increased blood pool activity observed in EAE mice partially obscures the specific signal increase. As previously demonstrated by Ayzenberg et al., the effect of EAE immunizations must be considered when interpreting bulk imaging signals by comparing to appropriate controls (i.e., control mice which undergo incomplete immunization with CFA emulsion and pertussis toxin while omitting MOG peptide, rather than using naïve mice) in order to prove specificity of the readout [26] . In this study, we demonstrated specificity of the observed in vivo [
18 F]FSPG-PET signal by using such control mice and also by performing Western blotting of brain and cervical/thoracic and lumbar spinal cord to investigate how well the PET signal reflected alterations in xCT expression. A significant correlation was found between the levels of xCT protein and the PET signal in these tissues, thus verifying the utility of [27] . Numerous studies have highlighted considerable infiltration of CD68-positive cells (macrophages/microglia), monocytes, as well as T cells in spinal cord and brain lesions of EAE rodents [6] . We performed tracer uptake studies in isolated primary human T cells and monocytes to gain clarity on the relative accumulation of [ [28] , while monocytes constitutively express xCT with upregulation upon activation [6] . CD11b/CD45-positive cells account for the majority of immune cells found in the CNS tissue of EAE mice (40-56% at all stages of disease), whereas cells of the T cell lineage represent a lower fraction (approximately 17%) [29] . Together with the higher absolute tracer uptake in monocytes compared to T cells, it is suspected that both types of immune cells likely contribute to the increased [ 
Conclusion
In summary, we have shown that [ 18 F]FSPG-PET is a promising imaging technique for non-invasively monitoring xc-activity in EAE mice, both at very early stages of disease and throughout progression, and holds great potential as a sensitive tool for investigating the links between oxidative stress, immune cell trafficking, and clinical symptoms of MS. Using this technique, we gained new insights into the in vivo spatiotemporal dynamics of xc-activity in pre-symptomatic and symptomatic EAE. Future studies will involve evaluating the use of [
